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Abstract

With new fabrication methods for mass production of nano-textured samples there is an increasing demand for new 
characterization methods. Conventional microscopes are either too slow and/or too sensitive to vibrations.  
Scatterometry is a good candidate for in-line measuring in an industrial environment as it is insensitive to vibrations 
and very fast. However, as it is a non-imaging technique, it can be challenging for the operator to find the area-of-
interest on a sample and to detect defects. We have therefore developed the technique imaging scatterometry, in 
which the user first has to select the area of interest after the data has been acquired. In addition, one is no longer 
limited to analyze areas equal to the spot size, and areas down to 3 μm ⨯ 3 μm can be analyzed. In this paper we 
present a comparison between scatterometry, the newly developed imaging scatterometry and some state-of-art 
conventional characterization techniques, atomic force microscopy and confocal microscopy.
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1. Introduction

With modern technology it is possible to reproduce 
fascinating structures from nature [1]. As an example 
grating structures can be used for decorating surfaces
with structural colors [2], i.e. surfaces where diffraction
is used to give them an iridescence look. Some of the 
advantages of structural colors are that they can be 
fabricated without a paint step [3] and that they are
non-degradable [1]. Nano-textures have also been 
used to make super-hydrophobic surfaces inspired by 
the lotus leaf [4] and hydrophilic surfaces known from 
the carnivorous pitcher plant [5].

New methods for highly parallel manufacturing, 
such as injection molding or roll-to-roll (R2R), are 
becoming available for fabrication of nano-textured 
samples [6,7]. The dramatically decreased production 
time allow new products to enter the consumer market.
However, the quality control systems are not improving 
at the same pace as the fabrication techniques and 
therefore new characterization techniques are highly
needed.

A fast and robust technique is scatterometry; a
method where measuring diffraction intensities from 
nano-textured surface are compared to modelled data
[8]. Often an inverse modelling approach is used, in 

which the data are related to a set of model 
parameters. For further reduction in computation time, 
especially suited for in-line characterization, one can
use a library search strategy. Here a priori information 
is used to generate a database with diffraction 
efficiencies for expected structures. The best match to 
the experimental data can then be found using a simple
database lookup.

Fig. 1. 3D microscope images with corresponding profiles for a 
segment in the center of each image, for 3.3 μm 1D silicon 
grating. (A) AFM, (B) confocal microscope, 150⨯ objective, and 
(C) confocal microscope, 50⨯ objective.

Imaging scatterometry is a new and versatile 
technique for characterization of nano-textured areas
[9]. It is capable of analyzing areas down to a few μm2

with nanometer accuracy. Furthermore the technique 
makes it easy for the user to find a specific area as the 
area-of-interest first has to be selected after the 
measurements have been obtained. However, until 
now the imaging scattering technique has only been 
used to analyze grating structures with a pitch similar 
or smaller than the wavelength of visible light. In this 
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paper we present a method for measuring on gratings 
with a pitch over 3 μm by effectively reducing the 
numerical aperture of the objective. 

Common techniques for characterization of the 
height of grating structures include atomic force 
microscopy (AFM) and confocal microscopy  [10], see 
Fig. 1. Measurements using these techniques have 
also been obtained in this study to compare the 
different techniques. However, both these techniques 
are very sensitive to vibrations and are therefore 
challenging to integrate in a production line. 

 
2. Method 

 
In scatterometry measurements of diffraction 

efficiencies are compared to model generated data as 
shown in Fig. 2. The experimental wavelength 
dependent diffraction efficiencies, η(λ), are calculated 
as the ratio of the diffracted light with respect to the 
incoming light. To do that, a total of three wavelength 
dependent, λ, light intensity measurements are 
necessary: A sample, Isample, a reference sample, Iref, 
and a dark signal, Idark. The diffraction efficiency is then 
found using  [8], 
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where R(λ) is the wavelength dependent reflection 
coefficient of the material used for the reference 
measurement; in our case, Si(100) was used. The 
background, which comes from detector noise and light 
reflected by the objective and iris, is taken into account 
from the dark measurement. 
         An inverse modelling approach is used for 
reconstruction of grating shape parameters from the 
found diffraction efficiencies. A set of model 
parameters, α, describing the sample, and Ωi, 
describing the measuring conditions, are used to 
simulate the diffraction efficiencies, � �,

i
f Ω α . The 

simulations are based on rigorous coupled wave 
analysis  [8]. Each structure is then compared to the 

experimental data using a 2� -minimization given by 
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where 

i
�  is the i’th measured diffraction efficiency and 

N is the number of measured diffraction efficiencies. 

The simulated structure with the lowest 2� -value is 
selected as the best description of the grating 
structure. The confidence limits for the fitting 
parameters are found using constant chi-square 
boundaries  [8,11]. 

 

3. Experimental setup 

3.1. Scatterometer 
 
The scatterometer is a homebuilt system based on 

a Navitar optical microscope (12  zoom) equipped with 
a fiber coupled cold white LED light source (Qioptiq, 
CLS-LED USB). The light passes through a diffuser, to 

prevent imaging of light source, before it is collimated 
and polarized using Glan-Laser linear polarizer crystal 
and coupled into the microscope with a beam splitter. 
The microscope is equipped with an infinity-corrected 
objective with a magnification of 4 (Olympus, RMS4X-
PF, NA = 0.13). The resolution of the microscope is 
limited by the numerical aperture of the objective to 
around 3  3 μm2. An iris is placed in front of the 
objective, and when closed (Ø = 0.5 mm), it is used to 
avoid first and higher order reflections from a diffraction 
grating entering the objective. In the image plane a 
monochrome 1.3 megapixel CCD camera (Pixelink, PL-
B957) is interchangeable with a lens system and a 
spectrometer (Ocean Optics, USB-2000) as described 
in  [11]. The spectrometer was calibrated using a low 
pressure krypton calibration light source with traceable 
spectral lines. To reduce the effective spot size on the 
sample a second iris was installed in front of the 
camera/spectrometer. The iris was not touched when 
switching the detectors. Data was analyzed using the 
InFoScat software package  [12].  

 
Fig. 2. Experimental data and best fit for scatterometry data for 
a 1D grating with a pitch of 3.3 μm. (A) Spectrometer based 
scatterometry. Best reconstruction for a height of (422 ± 4) nm 
and a width of (1230 ± 30) nm. (B) Imaging scatterometry. Best 
reconstruction for a height of (426 ± 6) nm and a width of (1240 
± 30) nm.  

 
3.2. Imaging scatterometer 
 

The imaging scatterometer setup is a modified 
version of the scatterometer described above. A 
tunable band pass filter (Perkin Elmer, Varispec VIS-
07-20) is mounted in front of the camera instead of 
switching to the spectrometer as described in  [9]. The 
filter has a bandwidth of around 10 nm in the range 
from 400 nm to 700 nm and images were obtained in 
the wavelength range from 450 nm to 700 nm in steps 
of 5 nm. The reduced wavelength range was due to the 
low intensity from the light source in these areas and a 
limited transmission of the filter. The images were 
stacked to form a multi-spectral image and analyzed 
using Eqs. (1) and (2) in Matlab. 
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3.3. Atomic force microscope 
 
For the AFM measurements of the heights of the 

gratings we used a metrology AFM (Park Systems, 
NX20) in tapping mode equipped with PointProbe Plus 
probes (Nanosensors), with a specified apex radius 
<10 nm. The AFM has an xy-stage equipped with 
optical distance sensors and a z-flexure stage 
equipped with strain gauge distance sensors. The 
microscope was calibrated in the z-direction using a 
step height standard as described in Refs.  [13]. 
Images of an area of at least 20 μm x 5 μm of the 1D 
gratings were obtained for each sample with the fast 
scan axis perpendicular to the ridges. The images were 
analyzed using the step height module in SPIP (ver. 
6.5.1, Image Metrology) and following the ISO 5436 
standard for measuring step heights. A profile for each 
line scan was extracted and the height is the mean of 
all ridges in all scan lines. At least 50 height 
measurements were obtained for each sample. A 
typical image is shown in Fig. 1(A). 

 
3.4. Confocal microscope 

 
Confocal measurements were obtained using a Plu 

Neox (Sensofar) microscope equipped with a 50⨯ and 
a 150⨯ objective with a numerical aperture (NA) of 
0.80 and 0.95, respectively. The field of view for the 
50⨯ objective is 254.6 μm ⨯ 190.9 μm and an image 

size of 768 pixels ⨯ 576 pixels. See typical images in 
Fig. 1(B,C). All gratings were aligned with ridges 
perpendicular to the long image axis. The confocal 
microscopy images were also analyzed in SPIP but 
using a histogram based approach. The images were 
levelled, and then the center parts selected using area-
of-interests to minimize the effects of aberrations, 
which are most pronounced at the edge of the objective 
lens. A histogram was made from this area-of-interest 
and the distance between the centers of the two main 
peaks, was used as the estimate of the height of the 
ridges. 

4. Results and discussions 
 
A series of 1D gratings etched with a pitch of 3.3 

μm was fabricated. A total of 10 silicon wafers with 
heights in the range from 100 nm to 500 nm have been 
used in this study. All wafers have been characterized 
using the methods described above. Examples of 
measurements for all the characterization techniques 
are shown in Figs. 1 and 2 and all data in Tab. 1. The 
AFM measurements are considered as the most 
trustable measurements as we have been able to 
follow a standardized method using a calibrated 
instrument. For the AFM measurements we have 
indicated the expanded uncertainty (k=2). The other 
methods either relies on a parameterized model or a 
non-standardized (the histogram approach) method for 
analysis of the data. For these data we have indicated 
a 95 % confidence interval under the assumption that 
the model is correct. The uncertainty is higher than the 
given confidence interval and will require a calibration 
of the instrument and uncertainties on all parameters in 
the model. The first steps towards a reference standard 
for scatterometry has recently been presented [14].   

For specular reflection scatterometry systems one 
should be careful not to collect higher order diffraction. 
In other words, the grating pitch, Γ, should not exceed 
 [11] 
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where λmin is the minimum wavelength measured with 
the spectrometer and θNA is the collection angle for an 
objective with numerical aperture NA = sin(θNA) in air. 
For this study we have demonstrated that by installing 
an iris in front of the objective, the NA can effectively 
be reduced, and we can measure on gratings with a 
much larger pitch. It is preferential to adjust the iris to 
let as much light as possible through and still shielding 
for the first order reflections. 

Fig. 3. Comparison of measurements 
results for ten 1D gratings of  different 
heights. (A) Direct comparison of all the 
techniques compared individually. The 
name of the characterization method 
applies to graphs both horizontally and 
vertically. As a guide to the eye a solid 
line is plotted to indicate when the two 
methods give the same result. Further 
away from this line indicates a deviation 
between the techniques. (B) Deviation of 
all measurements with respect to the 
imaging scatterometry measurements 
plotted as a function of the heights found 
using imaging scatterometry. 



August 29, 2016 20:27 RPS 4M 2016 :: Paper ID: 684

268 Guido Tosello, Hans Nørgaard Hansen, Kornel Ehmann and Stefan Dimov (Eds.)

All the different characterization methods are 
compared against each other in Fig. 3(A). Ideally the 
measured height should be the same independent of 
the used technique, as indicated with a solid line in all 
the graphs. As a general trend the heights measured 
with scatterometry and imaging scatterometry are 
closely related. This shows that the newly developed 
imaging scatterometry is very comparable to 
scatterometry and a validation of one technique, is 
expected to also apply for the other. However, as the 
reconstruction of the data sets from both scatterometry 
and imaging scatterometry are based on the same 
database of simulated diffraction efficiencies, there 
might be an offset with respect to the other techniques. 

 
5.  Conclusions 
 
We have compared four different characterization 
techniques for measurements on 1D gratings with a 
pitch of 3.3 μm and different heights. We have 
demonstrated that by effectively reducing the numerical 
aperture of an objective, gratings with a pitch much 
longer than the used wavelengths can be characterized 
with a scatterometer built into a microscope and by 
imaging scatterometry. This study has also validated 
the new technique imaging scatterometry, both with 
respect to the conventional scatterometry and with 
respect to metrological AFM measurements. 
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Table 1. Heights of a series of 1D gratings etched in silicon measured using scatterometry, imaging scatterometry, 
atomic force microscopy, and confocal microscopy with two different objectives. 
 

Sample Scat.a 

[nm] 
Imaging scat.a 

[nm] 
AFMb 

[nm] 
Confocal 150  a 

[nm] 
Confocal 50  a 

[nm] 
1 105 ± 4 105 ± 8 109 ± 4 119 ± 14 102 ± 20 
2 100 ± 2 101 ± 6 114 ± 4 113 ± 14 98 ± 20 
3 200 ± 6 216 ± 10 224 ± 6 224 ± 19 201 ± 27 
4 209 ± 8 215 ± 10 224 ± 9 251 ± 19 194 ± 27 
5 338 ± 4 332 ± 6 334 ± 6 343 ± 24 289 ± 35 
6 335 ± 4 333 ± 8 331 ± 6 369 ± 24 289 ± 35 
7 422 ± 4 426 ± 6 436 ± 8 423 ± 30 419 ± 44 
8 422 ± 4 428 ± 6 438 ± 8 447 ± 30 415 ± 44 
9 530 ± 10 534 ± 8 547 ± 11 537 ± 35 508 ± 53 

10 535 ± 8 541 ± 10 555 ± 14 556 ± 35 538 ± 53 
aThe ± indicates the 95 % confidence interval 
bThe ± indicates the expanded uncertainty (k=2)  


